,:vs« 


i 


fax  IIBBIS 


Digitized  by  the  Internet  Archive 
in  2018  with  funding  from 
University  of  Alberta  Libraries 


https://archive.org/details/slotsinthreecentOOprou 


SLOTS  IN  THREE  GEETIELTSR 
RECTANGULAR  WAVE  GUIDES 

BY 

ROBERT  G.  PROUDFOOT,  B.Sc.  (E.E.) 


An  investigation  carried  out  under  the  direction 
of  Professor  J.W.  Porteous. 


Presented  to  the  Committee  on  Graduate  Studies, 
the  University  of  Alberta,  as  a  partial  requirement 
for  the  degree  of  Master  of  Science. 


UNIVERSITY  OF  ALBERTA 


DEPARTMENT  OF  ELECTRICAL  ENGINEERING 


EDMONTON 


March  15th,  1950. 


CONTENTS 


Page 

Preface  1 

Introduction  2 

Impedance  of  Slots  .  S 

Standing  Paves  and 
Impedances  in  Wave 

Guides  H 

Slot  Radiation  and 

Measurement  of  Gain  .  13 

Description  of  the 

Apparatus  15 

Experimental  Technique  .  19 

Thesis  Data  and 

Discussion  23 

Experimental  Slot 

Radiation  42 

Accuracy  of  Results  .  4& 

Nomenclature  49 

Bibliography  50 

Equipment  Circuit 

Diagram  51 


1 


i  REFACE 

This  thesis  deals  with  research  carried  out  on 
slots  cut  in  the  broad  side  wall  of  three  centimeter 
rectangular  wave  guide. 

The  effective  impedance  for  slots  of  various  lengths, 
widths  and  angles  of  orientation  relative  to  the  guide  axis 
was  investigated.  From  the  data  obtained  a  resonant  half 
wave  slot  was  designed  and  its  impedance,  determined. 

The  Smith  Circular  Transmission  Line  Impedance  Chart 
was  used  to  determine  the  resistance  and  reactance 
components  of  the  slot  impedance. 

Radiation  patterns  for  the  various  slots  were 
obtained,  and  are  included  in  this  paper. 

The  author  wishes  to  thank  Professor  J.W.  Porteous 
under  whose  guidance  this  investigation  was  carried  out. 
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INTRODUCTION 

Electromagnetic  wave  propagation  has,  in  recent 

years,  been  the  subject  of  extensive  research  and  practical 
application.  Electromagnetic  waves  may  be  classified, 
generally  speaking,  as  waves  in  free  space,  or  as  guided 
waves.  Waves  in  free  space  are  exemplified  by  the 
radiation  between  transmitting  and  receiving  antennae 
found  in  radio  communication.  Examples  of  guided  waves 
are  to  be  found  in  power  transmission,  radio  frequency  co¬ 
ax  ial  line  transmission  and  wave  guide  transmission. 

The  mathematical  analysis  of  electromagnetic  wave 
propagation  consists  of  the  solution  of  the  general 
wave  equation.  The  fundamental  field  equations  ^  from 
which  the  general  electromagnetic  wave  equation  is  derived 

/ 

are  obtained  from  the  works  of  Gauss,  Ampere,  Faraday, 

Ohm  and  Maxwell. 

For  guided  waves,  due  to  boundary  conditions  and 

solution  o  f  trht. 

initial  conditions,  certain  terms  in  the.  generalAequation 

become  zero.  The  electromagnetic  field  is 

determined  by  specifying  the  fields  laid  down  at  the  source 

1.  Saroacher  and  Edson  -  Hyper  and  Ultra  High 
Frequency  Engineering,  Chapter  I. 

Skilling  -  Fundamentals  of  Electric  Waves. 

Ramo  and  Whinnery  -  Fields  and  Waves  in 
Modern  Radio. 


. 


- 


of  excitation,  che  shape  and  dimensions  of  the  con¬ 
ductor  and  the  properties  of  the  edium. 

The  source  of  excitation  may  be  made  to  produce 
various  field  configueations  which  will  or  will  not 
propagate  depending  on  the  shape  and  dimensions  of  the 
conductors.  These  field  configurations  are  called  modes. 

The  specific  case  is  now  considered.  The  wave 
guide  is  aligned  as  in  Fig.  1,  in  the  rectangle  co¬ 
ordinate  system  so  that  the  direction  of  propagation 
will  be  along  the  "z"  axis.  The  source  of  excitation 
is  such  that  the  electric  field  E  will  be  parallel  with 
the  "x"  axis.  The  resultant  mode  of  transmission  will 
be  what  is  called  the  Transverse  Electric,  or  T.E.  wave. 


Fig.  1.  Guide  Orientation. 


. 
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The  behavior  of  propagation  is  assumed  to  be  described 
by  the  function  0uv\ rt-rz  where  the  function  repres 
a  wave  travelling  in  the  "z"  direction,  having  a 


frequency  f  s  w  and  a  propagation  constant  *"=<<-■*- jB; 
where  <*  is  the  attenuation  constant  and  "B  is  the  phase 
constant  of  the  system.  Considering  the  boundary  con¬ 
ditions,  Ey  must  be  zero  at  x  -  0,  x  =  Xq;  E^  =  O 

y  r  0,  y  r  yD.  For  a  dielectric  of  very  low  conductance 
the  propagation  constant  is  found  to  be  given  by  'c 


mn  = 


&•  s 


_  u)^x p  £]_ 

2 


The  factors  "m"  and  "n"  indicate  the  number  of  half 
sinusoids  of  field  distribution  possible  between 
0  <y<y  and  0<x<x^.  These  factors  determine  the 
mode  of  the  transmitted  wave.  For  a  given  frequency 
the  dimensions  of  the  guide  will  determine  the  possible 
modes  which  will  propagate  if  excited.  As  the  frequency 
decreases  the  wave  length  increases  causing  "m"  and  "n"  for 
a  certain  guide  to  decrease  thus  cutting  out  the 
higher  modes  of  transmission.  The  wave  guide  will  act 
as  a  high  pass  filter. 

The  wave  guide  used  in  the  investigation  was  of 
dimensions  such  that  y0  was  greater  than  a  half  wave 


2.  Sarbacher  and  Edson,  Chapter  6. 


length,  x  less  than  a  half  wave  length;  hence 
m  =  1,  n  -  0.  The  propagating  wave,  a  TE]_0  wave, 

has  the  following  field  equations  ^ 


Ey  =  0 

Ex  =  A  TT 


IL  _ j  sin  (  71  \ 

Ko  'Vi  lJo  ) 


j(4>t  -Z  ^lo 


Ez 

H. 


0 


y  - 


A  JL 

yQ 


? 10 


ho+  ^  h£i 


sin 


-z*io 


Hx  -  0 


H  A  cos 

z 


The  propagation  constant  vLO 

^io2  '  "  '2 


■  Si  - 


jrtt-ztfo 

^10  *  +  jB  reduces  to 

^i£i 


The  critical  frequency,  that  frequency  at  which  the  0 
of  the  propagation  constant  is  zero,  will  be 

fr.  =  1  7L  ~ 


2*l'Vl£l  y0  2yo 

'.where  /1'1  is  t  he  wave  velocity  in  the  dielectric 

The  critical  wave  length 

7^  c  -  2v 
10  "  o 

The  phase  constant  fi  where  cA.  =  0  is  given  by 


010  =  jw2Ali£i  -  j  77^ 
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The  wave  length  in  the  guide  becomes 


where  -A  is  the  wave  length  in  the  dielectric  when 
unbounded,  and  A  is  the  critical,  or  cut  off,  wave 
length. 

The  field  equations  are  represented  graphically  in 

Fig.  2.  The  wave  guide  field  distribution^,  shown  in 

Fig.  3  indicates  the  relationship  between  E,  H^D 

■>t 

•  “  charge  density^5  and  Poynting's  flux  S,  as 
xc 

found  in  the  T.E.-^q  wave.  This  distribution  of  fields 
will  be  used  to  explain  the  impedance  effect  of  slots. 


/ 


i 


z 


r 


Fig.  2 

Inst  ant  eous  T.E.-.Q  Field  Configuration  in 
the  Dielectric  of  a  Rectangular  Wave  Guide. 


5  $  <*rb  dchcr  dncf  B'cJson 

4.  Electronics,  February,  1945. 


Fig.  3  T.E 
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Fields  in  Rectangular  Wave  Guides 


Impedance  of  Slots 


The  foregoing  mathematical  relationships  describe  the  field 
configurations  in  the  guide.  Attention  will  now  be 
directed  to  a  consideration  of  the  impedance  effect  due  to 
the  presence  of  a  slot  opening  in  the  guide  wall. 

A  small  opening  in  the  wide  side  of  a  rectangular  wave 
guide  bearing  a  T.E.  10  wave  is  shorn  in  Fig.  4.  The  electric 
field  outside  the  guide  may  be  considered  to  be  a  spperposition 
of  the  electric  field  due  to  the  guide  electric  field 
fringing  at  the  opening,  and  an  electric  field  due  to  the 
effect  of  the  magnetic  field  in  the  guide.  The  guide  magnetic 
field  causes  a  flow  of  charges  along  the  guide.  The  opening 
will  interrupt  the  normal  flow  of  charges,  thus  establishing 
an  electric  field  due  to  the  difference  in  potential  produced 
across  it. 


Fig.  4* 


Electric  Field  Outside  an  Opening  in  the 
tide  Side  of  a  Rectangular  wave  Guide. 


9. 

A  slot  impedance,  generally  speaking,  is  a  combination 
of  shunt  and  series  reactances.  This  is  due  to  the  fact  that  the 
Slot  is  excited  by  both  the  electric  field  normal  to  the  slot, 
and  the  magnetic  field  parallel  to  it.  The  slot  would  be 
equivalent  to  a  s.  unt  reactance  if  only  the  electric  field 
normal  to  it  was  present,  or  a  series  reactance  for  only  the 
magnetic  field  present. 

The  field  distribution  in  Fig.  3  shows  that  the  maximum 
electric  field  intensity  and  maximum  flow  of  charges,  due  to 
the  magnetic  field,  are  separated  by  a  quarter  of  a  wave 
length.  If  the  center  of  the  slot  is  a  quarter  wave  length 
from  a  guide  terminating  short,  the  electric  field  Ex  will  be 
a  maximum  at  the  slot  and  the  shunt  effect  of  the  slot  may  be 
considered.  If  the  wave  guide  is  terminated  in  a  short, 
a  half  wave  length  from  the  slot,  the  transverse  magnetic  com¬ 
ponent  Hy  of  the  field  is  effective  and  the  series  effect  of 
the  slot  may  be  noted. 

The  effective  impedance  of  a  slot  may  be  considered  in 
terms  of  current  flow  in  the  guide  wall.  If  the 
slot  is  excited  only  by  the  longitudinal  current  component, 
due  to  the  magnetic  field  distribution  as  shown  in  Fig.  k  (b) 
the  slot  acts  as  a  series  load.  If  the  slot  is  excited  by  a 
transverse  current  due  to  electric  field  distribution  it  acts 


as  a  shunt  load. 


. 


. 


. 


. 


. 
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A  narrow  slot  cut  in  the  broad  wall  of  the  guide  with  its 

longitudinal  axis  parallel  to  the  guide  axis  behaves  as  a 
shunt  load.  If  the  slot  length  is  about  y  a  pure  conductance 
is  found,  given  by  the  equation5” 

G  -  K  sin 2  vy. 

a 

where  "a"  is  the  guide  width,  K  is  a  constant  depending  on 
the  slot  dimensions  and  the  wave  length,  and  ^1  is  the 
slot  displacement  from  the  center  line  of  the  guide. 

Slots  cut  so  that  their  centers  are  on  the  guide 
centerline,  should  have  a  zero  shunt  admittance.  Therefore 
only  series  load  effects  should  be  indicated  by  them. 

The  maximum  series  impedance  of  a  slot,  when  rotated 
about  its  center,  located  on  the  guide  centerline,  will 
be  found  when  it  presents  a  maximum  length  perpendicular 
to  the  longitudinal  surface  current  flow.  This  will  be 
when  the  slot  is  at  an  angle  of  90°  to  the  guide  axis. 

A  resonant  slot  is  a  slot  having  a  length  of  about  -^L 
giving  rise  to  a  pure  resistive  load  effect. 


5.  Watson,  W.H.  -  Resonant  Slots,  Journal  of  the  Institute 
of  Electrical  Engineers,  Vol:  93 t 


. 

Standing  Waves  and  Impedances  in  Wave  Guides, 


In  transmission  line  theory,  the  line  is  said  to  be 
matched  if  the  load  impedance  terminating  the  line  is 
equal  to  the  characteristic  impedance  of  the  line.  Under 
these  conditions  the  line  acts  as  an  infinite  line,  having 
no  reflected  wave. 

The  wave  guide  is,  in  its  simplest  form,  a  transmission 
line,  the  wires  of w  hich  are  separated  by  short  circuited 
quarter  wave  length  stubs  giving  rise  to  the  effect  of 
infinite  impedance .  Transmission  line  theory  may  be 


applied  to  the  wave  guide  .  If  the  guide  terminaaion^is  not 
equal  to  the  guide  characteristic  impedance  the  reflected 
wave  will  combine  with  the  oncoming  wave  to  produce  a 
standing  wave. 

The  characteristic  impedance  of  the  wave  guide  is 
defined^’  as  the  ratio  of  the  magnitudes  of  the  transverse 
electric  field  to  the  transverse  magnetic  field  for  a 
given  mode.  For  the  T.E.  10  wave  the  impedance  will  be. 


Consider  the  wave  encountering  a  reflecting  surface  or 


6.  Ramo  and  Whinnery  -  Fields  and  Waves  in  Modern  Radio 

Page,  252. 


.  . 

• 

discontinuity  as  in  Fig.  5.  If  A  is  the  amplitude 

of  the  outgoing  wave,  A]_  the  amplitude  of  the 

reflected  wave  and  A2  the  amplitude  of  the  resultant 

continuing  wave,  it  may  be  shown  that  the  standing  wave 

ratio  will  be  given  by  S.W.R.  -  A  +  Ai 

A  -  A± 


”, 

Fig.  5.  Wave  Reflection 

From  transmission  line  theory  the  standing  wave  ratio 
is  t  he  ratio  of  the  load  impedance  to  the  line 
characteristic  impedance.  Similarly  in  wave  guides. 

SWR  =  Zp 

Zo 

In  experimental  work  for  determining  the  effective 
load  on  the  guide  it  is  necessary  only  to  know  the  standing 
wave  ratio  due  to  the  mismatch,  the  guide  characteristic 
impedance  ZQ  and  the  phase  shift  of  the  standing  wave  due  to 
the  reactive  component  of  the  load. 

By  means  of  the  Smith  Circular  Transmission  Line 
Impedance  Chart  both  the  resistive  and  reactive  components 
of  the  load  may  be  obtained. 
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Slot  Radiation  and  Measurement  Gain 

The  directional  properties  of  radiation  from  an 
excited  slot  may  be  specified  by  the  term  gain.  Gain 
is  usually  defined  as  the  ratio  of  the  intensity  of 
radiation  in  the  direction  of  maximum  intensity,  to  the 
radiation  intensit?/  that  would  be  found  if  radiation 
were  equal  in  all  directions.  Relative  gain  is  often 
given  in  terms  of  radiation  relative  to  that  found  for 
some  secondary  standard  such  as  a  dipole. 

GSin  may  be  measured  by  Purcell's  Reflecting 

n 

Plate  Method'  for  matbhed  horns.  The  slot  is  used 
in  place  of  the  horn.  The  equation  for  gain  is  given 
as  follows,  with  reference  to  Fig.  6. 


Fig.  6.  Purcell's  Reflecting  Plate  Arrangement. 


7.  Pon,  Richard  H.  -  The  Absolute  Gain  Measurement  of 

Electro  Magnetic  Korns.  M.  Sc.  Thesis.  University  of 

Alberta. 
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G  =  Ljd,  Rc 

where  d  is  -  the  distance  between  the  slot  and  the 
plate,  and  Rc  is  the  reflection  coefficient  of  the 
load  on  the  face  of  the  slot. 

i.e.  Rc  -  SWR  -  1 

SWR  i-  1 

where  SWR  -  E  max 
E  min 

The  values  of  E  max  and  E-niin  ar-f  obtained 
from  the  standing  wave  produced  in  the  guide  v»#*the  reflecting 

plate  perpendicular  to  the  slot  opening.  The  distance 

8 

d  has  a  critical  lower  value  given  by  the  relationship' 

d  -  2  A2 

71 

where  A  is  the  area  of  the  slot  and  JV  is  the  wave 
length  in  air.  The  area  of  the  slot  is  very  small, 
hence  the  critical  distance  will  also  be  small;  less 
than  one  centimeter. 


8.  Knitter.' s  Radiation  Laboratory  Report  T  -  18 
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Description  of  the  Research  Apparatus 


The  apparatus  used  in  the  investigation  consisted  of 
the  following  units: 

(1)  A  Reflex  Klystron  three  centimeter  electro-magnetic 
wave  generator  with  the  power  supply  and  modulator. 

(2)  An  attenuator 

(3)  A  frequency  meter 

(A)  A  standing  wave  detector,  400  cycle  amplifier  and 
voltmeter 

(5)  A  matching  unit 

(6)  A  guide  terminating  load 

(7)  A  short  circuiting  guide  termination  unit 

(8)  A  large  reflecting  plate 

(9)  A  turntable 

(10)  Sections  of  wave  guide,  bearing  slots  of  various 
dimensions . 

The  apparatus  was  arranged  as  shown  in  Figs.  7  and  7A. 
The  Reflex  Klystron  tube  generated  the  required  signal 
which,  when  fed  by  means  of  a  small  antenna  into  the  wave 
guide,  produced  the  T.E.^q  wave.  The  attenuator  when 
lowered  into  the  guide,  parallel  to  the  electric  field 
acted  as  an  absorber,  thus  limiting  the  amount  of  power 
to  the  load 

The  frequency  meter  was  essentially  a  soaxial  line 


- 


. 


. 


.  . 


! 
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section  of  variable  length.,  which,  when  tuned  to 
resonance  absorbed  power  -  causing  the  power  at  the 
load  to  decrease  greatly.  The  variation  in  length  used 
for  tuning  the  meter  to  resonance  was  calibrated  to 
read  frequency. 

The  standing  wave  detector  contained  a  small 
adjustable  probe  which  could  be  lowered  into  the  guide, 
parallel  to  the  electric  field,  through  a  long  narrow  slot 
cut  along  the  guide  centerline.  The  detected  signal  was 
rectified  by  a  crystal,  fed  into  an  amplifier  tuned  to  the 
modulation  frequency  of  the  power  supply,  and  thence  to  the 
output  voltmeter.  The  crystal  detector  obeys  the  square - 
law  relationship. 

Standing  waves  due  to  mismatch  caused  by  imperfect 
couplers  etc.,  were  greatly  reduced  by  means  of  a  matching 
unit  consisting  of  two  tuning  screws  set  3/8  apart  in 
the  wide  side  of  the  guide  and  extending  into  the  guide 
parallel  to  the  electric  field.  By  adjusting  the  screws 
a  reflection  equal  to  but  of  opposite  phase  to  the  mismatch 
reflection  was  obtained,  thus  reducing  the  standing  wave 
found  in  the  guide  without  a  slot,  to  a  minimum. 

A  guide  terminating  load  having  an  effective  impedance 
approximately  equal  to  the  guide  characteristic  impedance 
was  constructed.  Wood  strongly  absorbs  electro  magnetic 
waves  having  wave  lengths  of  the  order  used  in  the 


. 


..1 
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experimental  work.  The  load  consisted  of  a  wooden  wedge 
which  fitted  snugly  in  the  guide,  the  sloping  surface 
extending  across  the  wide  dimension  of  the  guide.  It 
was  found  that  when  the  sloping  surface  was  greater  in 
length  than  the  standing  wave  ratio  due  to  reflection 

was  less  than  1.05.  Using  the  matching  unit  it  was  possible 
to  reduce  this  standing  wave  ratio. 

The  short  circuiting  guide  termination  unit  consisted 
essentially  of  a  metal  plunger  placed  across  the  guide. 

Contact  with  the  side  wall  was  assured  by  means  of  a 
metallic  spring  seal  which  acted  parallel  to  the  electric 
field  thus  establishing  a  position  of  zero  electric  field. 

The  position  of  the  zero  electric  field  could  be 
varied  by  means  of  a  screw  adjustment  which  altered  the 
location  of  the  plunger  assembly. 

Radiation  patterns  were  obtained  with  the  slots  operated 
as  receiving  antennae.  By  means  of  the  turntable  the 
slots  were  rotated  in  a  constant  field.  The  turntable 
rotation  was  conveniently  observed  by  means  of  a  selsyn 
motor  arrangement. 

The  large  reflecting  plate  was  a  glass  plate  bearing 
two  coats  of  silver  plating  which  acted  as  a  reflecting 
surface.  The  plate  was  mounted  on  a  slide  enabling  it  to 
be  moved  back  and  forth  when  investigating  gain  by 


Purcell's  method. 
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Experimental  Technicue  -  Slot  Impedance  Measurement 

Two  experimental  approaches  were  used  to  determine  the 
slot  impedance.  The  principal  difference  between  these  is 
in  the  method  of  terminating  the  guide. 

In  the  first  approach  the  guide  section  was  terminated 
by  a  "wood  load"  of  impedance  approximately  equal  to  the  guide 
characteristic  impedance.  The  small  reflection  from  this 
load  was  reduced  by  means  of  a  matching  unit  between  it  and 
the  slot  bearing  section. 

The  klystron  and  modulated  power  supply  controls  were 
ad, -justed  to  produce  the  required  signal  in  the  guide.  By 
adjusting  the  modulator  frequency  maximum  response  from  the 
tuned  amplifier  was  obtained.  The  signal  strength  in  the 
guide  was  varied  to  a  convenient  value  by  means  of  the 
attenuator  shown  between  the  Klystron  and  guide  section. 

The  adjustable  probe  in  the  standing  wave  detector  when 
extended  too  far  into  the  fields  of  the  guide  acted  as  a 
discontinuity  causing  a  reflected  wave  component.  In  order 
to  reduce  this  reflection  a  minimum  depth  of  penetration  by 
the  probe  was  used.  Having  set  the  probe  depth  it  was  left 
unchanged  for  each  set  of  experiments. 

Slotted  guide  sections  were  of  lengths  equal  to  odd 
multiples  of  one  quarter  guide  wave  lengths.  For  these 
particular  lengths  the  reflections  due  to  couplers  would  be 

out  of  phase  with  each  other,  and  would  tend  to  cancel. 


*• 


. 


. 
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Several  guide  sections  of  the  same  length  were  constructed. 
One  section  was  without  a  slot.  The  other  sections 
formed  three  sets  having  a  variation  in  slot  length,  width 
and  angle  of  orientation  respectively,  all  centered  on  the 
center  line  of  the  broad  wall  of  the  guide. 

With  the  standard  ursLotted  guide  section  inserted  between 
the  standing  wave  detector  and  the  "wood  load"  the  standing 
wave  in  the  guide  was  taken.  The  standard  section  was 
replaced  by  the  slotted  section  and  the  new  standing  wave 
obtained.  The  change  in  position  and  magnitude  of  the 
standing  wave  was  due  to  the  presence  of  the  slot. 

From  the  experimental  data  the  series  effective 
impedance  of  the  "wood  load"  and  slotted  section  was 
obtained.  This  approach  contained  the  complication  of 
having  the  two  impedances  in  series  giving  rise  to 
difficulty  in  determining  their  phase  relationship  and 
actual  impedances. 

In  view  of  the  difficulties  encountered  using  a  "wood 
load"  guide  termination  a  second  experimental  approach 
was  used.  For  this  method  the  guide  was  terminated  by 
means  of  the  short  circuiting  device  described  already  as 
part  of  the  apparatus. 

From  the  field  configuration  for  the  T.E.pg  mode  it 
may  be  noted  that  when  the  guide  section  is  terminated 
by  means  of  a  short  circuiting  device  the  position  of 
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maximum  electric  field  intensity  is  an  odd  multiple 
of  one  quarter  guide  wave  lengths  distance  from  the  short. 

The  position  of  maximum  charge  flow  in  the  guide  wall 
due  to  the  magnetic  field  effect  will  be  found  at  a  distance 
of  an  even  multiple  of  one  quarter  guide  wave  lengths  from 
the  short. 

The  technique  followed  was  to  use  a  standard  guide 
section  bearing  a  very  small  opening,  at  the  guide  broad  wall 
centerline,  through  which  a  probe  could  be  inserted.  The 
position  of  the  short  circuiting  plunger  relative  to  the 
probe  was  altered  until  the  probe  was  at  a  point  of 
minimum  electric  field  intensity.  The  short  was  fixed 
in  this  position.  Standard  sections  bearing  slots  at  the 
position  at  which  the  probe  had  been  inserted  "were  substit¬ 
uted  for  the  standard  section.  The  slots  as  positioned 
were  at  a  point  of  normal  maximum  charge  flow  in  the  guide 
wall,  and  interrupted  this  flow.  Under  that  condition  the 
slot  series  impedance  effect  acted  as  a  termination  for  the 
guide.  The  standing  wave  magnitude  and  shift  relative  to 
that  of  the  standing  wave  found  in  the  absence  of  a  slot 
enabled  the  determination  of  the  slot  series  impedance. 

The  shorting  plunger  was  moved  a  quarter  of  a  guide 
wave  length,  thus  placing  the  slot  at  a  point  of  maximum 
electric  field  normal  to  the  slot  opening.  In  this  position 
the  slot  shunt  conductance  characteristic  was  determined. 
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Since  the  slot  was  placed  symetrically  about  the  guide 
broad  wall  centerline  it  was  found,  as  expected,  that  the 
shunt  conductance  was  zero  and  therefore  did  not  cause  any 
change  in  the  magnitude  or  position  of  the  standing  wave. 
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Thesis  Data  and  Discussion 


(l)  Wave  guide  dimensions 


a  -  0.398  ins  -  2.280  eras 


b  r  0.40  ins  =  1.02  ems 


(2)  Cut  off  wave  length 


=  2a 


ft  c  r  4.56  cm 

(3)  Wave  length  ih  the  guide  measured  by 
means  of  the  standing  wave  detector. 


ftg  ~  4.44  cm. 

(4)  Wave  length  in  the  unbounded  dielectric 
obtained  from 


ftl  =  3. ISO  cm 

(5)  Frequency  f  =  9,434  megacycles 

(6)  For  calibration  of  the  cavitsr  frequency 
meter,  a  reading  of  163.5  corresponds  to 
9434  me.  To  calibrate  for  frequency 
add  9270.5  to  the  dial  feading. 

The  frequency  of  oscillation  was  kept 
constant  at  9,434  me,  as  accurately  as 
possible,  throughout  the  experiments. 

(7)  The  characteristic  impedance  of  the  guide 
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The  experimental  observations  recorded  during  the 
investigation  are  presented  in  graphical  form.  Each  actual 
reading  is  marked  as  a  point  on  one  of  the  curves. 

With  the  guide  terminated  by  means  of  the  wood  load 
standing  waves  for  slots  of  varying  length,  width  or  angle  of 
orientation  with  the  Z  axis  were  obtained  and  are  shown  Figs.  8 
9  and  10.  In  view  of  the  fact  that  the  crystal  detector 
obeys  the  square-law  relationship  it  was  necessary  to t  ake  the 
square  root  of  the  ratio  of  the  minimum  to  maximum  of  the 
detected  standing  wave,  to  obtain  the  actual  standing  wave 
ratio.  Having  already  determined  the  guide  characteristic 
impedance  Zo,  and  knowing  that  the  slot  impedance  acts  in 
series  with  Zo,  the  total  effective  impedance  ZL  was  found. 
These  calculated  values  are  shown  in  Figs.  11  and  12. 

The  narrow  slot  had  a  maximum  impedance  for  a  length 
slightly  less  than  %/z 

and  an  angle  of  90°  to  the  Z  axis. 
Difficulty  was  found  in  trying  to  separate  Zo  and  the  impedance 
of  the  slot,  having  determined  the  total  effective  impedance. 

A  second  experimental  approach  was  made  with  the  guide 
terminated  in  a  short  circuit. 

The  standing  wave  r atios  for  slots  of  three  different 
widths,  varying  length  were  obtained,  and  are  shown  in 
Fig.  IZj..  In  Fig.  15  the  shift  of  the  standing  wave  from  its 
position  for  a  slot  of  zero  length  located  a  multiple  of 

half  guide  wave  lengths  from  a  shorted  guide  termination  is 

* 

plotted  for  variations  in  slot  length. 


■ 


r" 


. 

. 

* 


;+  ■ 


■  ■*  . 


TTTT  "r 

-4  Lj± 

:r- 

1  t  f  t  rr 

1  |  |  [  t  !•; 

3y 


o.rr  /  oo  /.zj-  /so  /7^  cm 

-|4j4ff  1  1 1 1 1 1 1  [  1 1  m  1  it  [flT  l  l  ~m4n  I  nn^THTnlT 


sz. 


N'Wi*-Un*9 


oo  z _ Si  7 _ oS  / _ JCZ'/ _ 00V _  SL O 


S3. 

By  means  of  the  Smith  Circular  Transmission  Line  Chart 
Fig.  IT,  the  impedance,  resistive  and  inductive  components 
of  the  slot  load  were  found.  These  are  shown  in  Figs.  16 
and  18. 

The  impedance  of  slots  cf  fixed  length  and  width,  for 

variations  in  angle  of  orientation  with  the  2  axis  are  shown 

9 

in  Fig.  19.  The  calculated  resonant  slot  impedance  for  slots 
of  various  angles  is  also  shown.  The  slot  effective  impedance 
is  a  maximum  for  the  slot  oriented  at  an  angle  of  90°  with 
the  Z  axis.  In  this  position  the  maximum  current  flow  is 
interrupted.  It  is  noted  that  the  calculated  maximum 
normalized  impedance  (a  pure  resistance)  for  a  resonant  slot 
is  equal  to  1.30. 

Considering  further  Figs.  14,  15,  16,  17  and  18  some 
interesting  observations  may  be  made.  Ehe  results  lead  one 
to  conclude  that  a  slot  is  equivalent  to  a  circuit  containing 
resistance  and  inductance  in  parallel  with  capacitance.  As 
the  slot  length  is  increased,  for  a  given  width^the  slot 
behaves  as  an  inductive  load  until  the  length  is  such  that  the 
circuit  is  resonant,  giving  rise  to  zero  reactance.  This 
point  of  resonance  is  found  for  a  slot  length  slightly  less 
thart^'  /2.  As  the  length  is  increased  beyond  resonance  the 
reactance  of  the  slot  becomes  capacitive.  In  this  respect  the 
slot  behavior  is  as  one  would  expect  from  transmission  line 
theory. 

9.  -  Vol  12  Radiation  Laboratory  Series  -  Micro  Wave  Antennae 

Theory  and  Design. 
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The  effects  of  increasing  the  width  of  a  slot  are  two 
fold.  An  increase  in  width  slightly  decreases  the 

required  slot  length  for  the  condition  of  resonance.  An 
increase  in  width  decreases  the  sharpness  or  sensitivity  of 
response.  This  change  in  width  of  the  slot  has  the  same 
general  effect  as  decreasing  the  Q  of  a  parallel  resonant 
circuit. 

Considering  Fig.  15  it  is  noted  that  for  the 
condition  of  resonance  the  standing  wave  has  shifted  a  quarter 
of  a  wave  length  toward  the  load.  The  slot  resistance  must 
therefore  be  greater  than  the  characteristic  impedance  of  the 
guide . 

The  normalized  resonant  slot  impedance  is  found  to  be 
very  nearly  equal  to  1.30.  From  the  plotted  values  on  the 
Smith  Transmission  Line  Chart  it  is  seen  that  the  resonant 
slot  normalized  resistance  for  slot  widths  3  mm,  2  mm,  and  1mm 
are  1.29,  1.28  and  1.27  respectively.  The  guide  characteristic 
impedance  Zo  has  been  given  by  the  expression 

Zo  =  377  V&i  2J- 

The  resonant  slot  impedance  is  equal  to  1.30  Zo. 

A  general  statement  that  will  apply  to  the  resistance  of 
a  resonant  slot,  centrally  located  in  the  broad  side  of  a  TE  10 
wave  guide  oriented  at  90°  to  the  guide  longitudinal  axis 
will  be. 
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The  frequency  of  the  signal  in  the  guide  was  varied,  and 
the  standing  wave  ratio  obtained  for  a  given  slot,  the  guide 
terminated  in  a  short  circuit.  It  was  necessary  to  adjust  the 
position  of  the  shorting  device  to  maintain  a  distance  of  a 
number  of  half  guide  wave  lengths  between  it  and  the  slot. 

The  slot  perimeter  for  the  point  of  maximum  Standing  Wave 
Ratio,  Fig.  21,  is  found  to  be  very  nearly  equal  to  the  wave 
length  of  the  signal  in  free  space. 

In  Fig.  22  the  detected  signal  from  the  crystal  square- 
law  detector  and  amplifier  is  compared  with  the  calculated 
signal.  The  plotted  curves  are  almost  identical,  differing 
only  slightly  for  the  lower  signal  strengths. 

The  normalized  resonant  slot  impedance  value  of  1*30 

IQ 

was  obtained  from  the  mathematical  work  of  A.  F.  Stevenson 
of  the  University  of  Toronto. 


10*  Stevenson,  A.F.  -  Theory  of  Slots  in  Rectangular  Wave 
Guides,  Special  Committee  on  Applied  Mathematics, 
National  Research  Council  of  Canada,  1944* 
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SLOT  RADIATION 
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Radiation  patterns  were  obtained  for  slots  rotated 

about  the  X,  Y  and  Z  axis.  The  slotted  wave  guide  sections 
were  set  up  to  operate  as  receiving  antennae  in  a  constant  electro 
magnetic  field  directed  from  a  large  horn  fed  by  means  of  a 
3  cm.  guide.  The  signal  was  of  the  same  frequency  as 
that  used  throughout  the  rest  of  the  experimental  work. 

The  guide  bearing  the  slot  was  terminated  at  one  end  by 
means  of  a  short  circuit  located  at  a  multiple  of  from 

the  slot.  The  other  end  of  the  slotted  section  was  coupled 
to  a  series  tee  containing  a  crystal  detector  connected  to 
the  amplifier  and  output  meter. 

The  motion  of  the  turntable  for  rotating  the  slot  as 
receiver  was  conveniently  observed  by  means  of  a  selsyn 
motor  arrangement. 

Considering  the  radiation  patterns  Fig.  23,  24,  25  and  26 
it  is  noted  that  the  effect  of  increasing  the  width  of  the 
slot  is  to  increase  the  magnitude  of  the  radiation  pattern. 

The  slot  at  an  angle  of  90°  to  the  Z  axis  hfes  the  greatest 
radiation. 

It  was  noted  that  the  length  of  the  slot  was  very 
critical,  and  a  small  departure  from  resonant  length  caused 
the  radiation  pattern  for  that  slot  length  to  be  very  small. 

The  radiation  pattern  about  the  Y  axis  appears  very 
broad,  with  pronounced  lobes.  This  broadness  of  pattern  is 
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probably  due  to  the  electric  field  along  the  guide  wall 
beyond  the  slot.  The  departure  from  a  symmetrical  pattern 
may  be  due  to  two  things.  There  will  be  a  certain  amount  of 
reflection  from  apparatus  in  the  laboratory.  The  closeness 
of  the  guide  couplers  to  the  slot  may  cause  some  change  in 
radiation  pattern. 

The  pattern  taken  for  rotation  about  the  Z  axis  is 
almost  symetrical,  and  is  very  directive  in  nature. 

In  laboratory  work  r  flections  from  other  objects  may 
be  reduced  by  means  of  a  set  of  screens.  These  screens 
consisted  of  3/8  inch  plywood  of  dimensions  2’  x  3'  painted 
on  the  one  side  with  a  metallic  paint,  and  faced  on  the  other 
side  with  377  ohm  resistance  cloth.  The  painted  surface 
acts  as  a  reflecting  surface  about  ^/k  from  the  resistance 
cloth.  The  cloth  has  an  impedance  eoual  to  that  of  free 
space,  and  very  nearly  eaual  to  the  impedance  of  air. 

Crain  measurement  by  Purcells  Reflecting  Plate  Method 
proved  to  be  rather  unreliable  in  that  the  maximum  gain 
obtained  was  about  4,  for  a  slot  of  length  1.50,  width 
0.15  cm.  and  angle  of  90°  to  the  Z  axis.  The  gain  measurements 
decreased  in  value  for  a  non  resonant  slot.  Due  to  the 
small  degree  of  accuracy  in  measurements  the  values  obtained 
for  other  slots  are  not  included  in  this  report. 
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Ac curacy  of  Results. 


A  general  statement  regarding  the  accuracy  of  the  impedance 
measurement  experimental  results  if  believed  to  be  more 
appropriate  than  an  estimate  of  the  probable  error. 

The  voltmeter  error  range  as  given  by  the  manufacturer  is 
-  5%.  From  the  crystal  calibration  curve  Fig.  22  one 
may  observe  that  the  theoretical  and  experimental  behavior  of 
the  detector  are  almost  identical  except  for  small  departures 
at  low  signal  strengths. 

The  slot  dimensions  were  carefully  measured  using  an 
automotive  fee ler  gage,  and  micrometer. 

The  results  obtained  for  normalized  resonant  slot 
impedance  using  the  Smith  Impedance  Diagram  are  1.29, 

1.2$  and  1.27.  These  compare  favorably  with  the  theoretical 


value  of  1.30. 


NOMENCLATURE 


4  9. 


E 

H 

£ 

AC 

P 

(T 

7 

*3 

y 

oC 

/? 

a 

Ir 

iaJ 

R 

SWR 

G 

d 


-  electrical  intensity 

-  magnetic  intensity 

-  dielectric  constant  of  air 

-  permeability  in  air 

-  charge  density 
electrical  conductivity 

-  wave  length 

-  wave  lengths  in  the  guide 
-  cut  off  wave  length 

-  propagation  constant 

-  attentuation  constant 

-  phase  constant 
guide  width 

-  displacement  of  slot  from  guide  center  line 

-  angular  velocity 
coefficient  of  reflection 
standing  wave  ratio 

-  gain  by  Purcell’s  method 

-  distance  between  slot  and  reflecting  plate. 
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